We show that a broadband Fabry-Perot microcavity can assist an emitter coupled to an off-resonant plasmonic nanoantenna to inhibit the nonradiative channels that affect the quenching of fluorescence. We identify the interference mechanism that creates the necessary enhanced couplings and bandwidth narrowing of the hybrid resonance and show that it can assist entering into the strong coupling regime. Our results provide new possibilities for improving the efficiency of solid-state emitters and accessing diverse realms of photophysics with hybrid structures that can be fabricated using existing technologies.
While spontaneous emission is known to be enhanced or inhibited by photonic environments, 2 the nonradiative decay channel is usually thought to be an intrinsic property of the emitter and its immediate surrounding.
The best-known modification of radiative rates is the so-called Purcell effect, where a quantum emitter is coupled to a conventional resonator of quality factor Q and mode volume V . 3 When the atom-photon interaction rate becomes larger than both the cavity loss rate (κ) and the atomic coupling rate to other competing modes, one also can reach the strongcoupling regime (SCR), 2 where photonic and atomic excitations are coherently exchanged and hybridized.
A more recent alternative approach for accessing the Purcell effect or the SCR places the emitter in the near field of plasmonic nanoantennas. [4] [5] [6] [7] [8] [9] However, the close vicinity of the emitter to metals results in dissipation and substantial coupling to higher-order multipolar antenna modes, 10,11 which in turn, causes an increase in the nonradiative rate that is faster than those in the radiative decay. 6, 10 So far, few nanoantenna configurations [6] [7] [8] [9] have succeeded in accessing interesting radiative effects in competition with the nonradiative channels.
In this Letter, we study the coupling of a quantum emitter to a hybrid structure consisting of a Fabry-Perot (FP) resonator and a plasmonic nanoantenna. Figure 1 sketches an example of the proposed device using a gold nanocone antenna. 12 Hybrid arrangements have recently considered the combination of cavities with plasmonic nanoantennas for achieving Purcell enhancement [13] [14] [15] and strong coupling. 16 In what follows, we explore regimes where both radiative and nonradiative properties of an emitter are improved if a cavity is hybridized with a strongly detuned nanoantenna. Importantly, we demonstrate that one can generally counteract and control nonradiative channels from afar using a FP resonator. In contrast to previous works, we also show that an emitter coupled to the hybrid compound resonance can enter the SCR in configurations, where neither the isolated nanoantenna nor the cavity alone would access this regime. Aside from a fundamental interest, these results hold promise for practical applications, where the emitter quantum efficiency plays an important role.
To investigate the influence of the hybrid cavity-antenna structure on an emitter, we examine the local density of states (LDOS). This electromagnetic quantity is connected to the imaginary part of the Green's tensor and thus to the power dissipated by a dipole, which we calculate by means of full-wave computations with COMSOL Multiphysics. 17 Figure 2 displays the normalized LDOS for a broadband FP-nanocone system (black squares) as a function of the emission wavelength λ for an emitter that lies at ten nanometers from the nanocone close to the antinode of the FP microcavity [see Fig. 1 
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Figure 2: LDOS for a FP-nanocone hybrid (black squares), a bare nanocone (green triangles) and a bare cavity (blue circles) versus the emission wavelength (logarithmic vertical scale). All are normalized to the LDOS in free space. The emitter lies at a s = 10 nm from a nanocone near the cavity center (p = 150 nm, d = 280 nm, c.f. parameter definitions in Fig. 1 ) with its dipole moment along the y-direction. The nanocone has a length, tip and base of h = 140 nm, a = 20 nm and b = 60 nm, respectively. The cavity parameters (R = 2.5 µm, t = 275 nm and L = 559 nm) give access to the second TEM 00 mode (λ ∼ 809 nm) and a hybrid TEM 01 * mode (λ ∼ 746 nm). The dielectric functions for the nanocone and the mirrors were obtained from a Drude-Lorentz fit to experimental data on gold. 12 The red lines correspond to QNM calculations.
17 Inset: Normalized LDOS for the detuned hybrid QNM contributions at different mirror lengths L. feature with a very broad linewidth at λ ∼ 750 nm and a narrower resonance around 820 nm.
It is instructive to compare the normalized LDOS to the same configurations of a bare microcavity (blue circles) and an isolated nanocone (green triangles) in Fig. 2 . The outcome indicates that the broadband plasmon modes of the nanoantenna and two transverse cavity modes with narrower linewidths interfere constructively to yield to two general scenarios: a double-peaked structure for resonant modes coupling and a shifted cavity resonance for off-resonant interaction. The latter frequency change at longer wavelengths is attributed to the common cavity red shifts reported for small plasmonic nanoparticles. 
These features make the detuned hybrid mode very attractive for strong coupling as shown below. Furthermore, the combination of the nanoantenna and cavity modes also leads to dips in the LDOS values. Both the peak and dip result respectively from constructive and destructive interference events known from Fano phenomena 19 for two resonant systems with antithetic bandwidths (Q cone ∼ 14, Q FP ∼ 510).
An important and attractive aspect of the broadband hybrid cavity is that the enhancement effect can be tuned to different frequencies over a very large spectral range by simply adjusting the cavity length L (see inset in Fig. 2 ). In fact, it is remarkable that the LDOS is enhanced to such a degree at over hundred nanometers wavelength detuning from the antenna plasmon resonance, which in this case was set close to 750 nm. Intuitively, the circulation of the optical energy in the microcavity compensates for the lower plasmonic enhancement of the LDOS at a large detuning. We note that this phenomenon provides a unique and novel means for external and selective manipulation of the emitter coupling to plasmonic antennas.
To obtain a deeper insight into the different participating resonant modes and to evaluate semianalytical expressions of the Green's tensor, we also used the quasinormal mode (QNM) approach that is based on a modal expansion and the Lorentz-reciprocity theorem. 20 This enables to determine the Purcell factor for single QNMs 20 that is valid for any lossy resonator (see implementation in ref 17 ) and it is derived from the Green's tensor with component 21 where E denotes the normalized field parallel to the orientation of the dipole at its position, 17 ω r is the QNM resonance real frequency, and κ = ω r /Q denotes its fullwidth at half-maximum. The red lines in On the other hand, the detuned peak is mainly described by a single FP-nanoantenna QNM [cf. its intensity distribution in Fig. 1(b) ], whereas the broader off-resonant QNMs contribute to the destructive interference dip.
A severe general limitation of plasmonic nanoantennas concerns quenching of emission at very small distances caused by nonradiative channels. 11, 22 To study the quenching behavior of the detuned hybrid mode, we calculated the fraction of the LDOS that is dissipated ( At the Fano peak [cf Fig. 3(a) ], we find that ξ is stronger than the case of a bare nanocone for s > 5 nm and has a nearly constant value. This anomalous trend is in marked contrast to the quenching behavior for a bare nanoantenna (green triangles), which commonly increases in a monotonous fashion for smaller s . 11 We attribute these findings to the concentration of the field in the metallic structure [see left inset of Fig. 3(a) ] caused by the constructive interference of the nanoantenna and cavity modes, thus, resulting in an enhanced absorption.
The right inset in Fig. 3(a) shows that the circulation of the optical energy in the microcavity can extend this effect even to separations comparable to a FWHM of the cavity mode profile (blue curve), where quenching by a bare nanocone becomes negligible. We note that, nevertheless, the structure keeps an overall good radiation efficiency of 1 − ξ ∼ 68% over a large spatial range while the LDOS is enhanced by ten times with respect to the bare cone [see Fig. 3(c) ]. This radiative emission can be mostly collected by a FP mode with an overlap of about 81% [see Fig. 1(b) ].
Another impressive phenomenon occurs at the Fano dip, as presented in Fig. 3(b) . Here, ξ acquires lower values than that of the bare nanocone case, exhibiting suppression of quenching. The inset in Fig. 3(b) illustrates that in this case, the destructive interference of the plasmonic and cavity modes lead to an intensity minimum inside the nanocone. This effect makes the emitter highly efficient over a large distance range, e.g. 1 − ξ ∼ 98% at s = 40 nm. Applying the macroscopic quantum electrodynamics and the Green's tensor formalism, 22, 26 we evaluate the resonance fluorescence spectrum for the composite structure within the single QNM approximation and a two-level emitter (see derivation in ref 22 ). Figure 4(c) shows the spectrum outcome, which reveals a large peak splitting characteristic of strong coupling. Using a single Lorentzian model, 26 provided within the single QNM approximation, 
